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Abstract The fast coronal mass ejection (CME) from 23 July 2012 raised
attention due to its extremely short transit time from Sun to 1 AU of less
than 21 h. In-situ data from STEREO-A revealed the arrival of a fast forward
shock with a speed of more than 2200 km s−1 followed by a magnetic structure
moving with almost 1900 km s−1. We investigate the propagation behavior of
the CME shock and magnetic structure with the aim to reproduce the short
transit time and high impact speed as derived from in-situ data. We carefully
measure the 3D kinematics of the CME using the graduated cylindrical shell
model, and obtain a maximum speed of 2580±280 km s−1 for the CME shock
and of 2270±420 km s−1 for its magnetic structure. Based on the 3D kinematics,
the drag-based model (DBM) reproduces the observational data reasonably well.
To successfully simulate the CME shock, we find that the ambient flow speed
should be of average value close to the slow solar wind speed (450 km s−1), and
the initial shock speed at a distance of 30 R should not exceed ≈2300 km s−1,
otherwise it would arrive much too early at STEREO-A. The model results
indicate that an extremely low aerodynamic drag force is exerted on the shock,
smaller by one order of magnitude compared to the average. As a consequence,
the CME hardly decelerates in interplanetary space and maintains its high initial
speed. The low aerodynamic drag can only be reproduced when reducing the
density of the ambient solar wind flow, in which the massive CME propagates,
to ρsw = 1–2 cm
−3 at the distance of 1 AU. This result is consistent with the
preconditioning of interplanetary space owing to a previous CME.
Keywords: Coronal mass ejections: Initiation and Propagation; Coronal mass
ejections: Interplanetary; Flares: Impulsive Phase
1. Introduction
The coronal mass ejection (CME) from 23 July 2012 was one of the most ener-
getic events ever recorded, having a transit time from Sun to 1 AU of less than
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21 h. The event raised a lot of attention due the strong magnetic ejecta and the
extremely high impact speed of more than 2200 km s−1 for the shock ahead of
it as measured by in-situ instruments aboard STEREO-A/PLASTIC (Russell
et al., 2013). If directed towards Earth, the CME might have been of unusual
high geoeffectiveness and scenarios of extreme space weather consequences were
proposed (Ngwira et al., 2013; Baker et al., 2013). Liu et al. (2014) studied the
solar perspective of this event and came to the conclusion that the complex
magnetic field and high field strength as measured in-situ is most probably
attributable to a CME-CME interaction process. These authors also speculated
that the extremely high speed and short propagation time were caused by the
increased upstream solar wind speed and decreased solar wind density as well
as magnetic field tension, which in turn resulted from the CME associated with
an M7.7 flare on 19 July 2012.
The structure of the ambient magnetic field and plasma flow in which CMEs
are embedded in may play a critical role in controlling their propagation be-
havior and geoeffectiveness (see e.g., Vrsˇnak and Zˇic, 2007; Gopalswamy, 2008).
In recent years the stereoscopic view made possible by the Solar-Terrestrial
Relations Observatory (STEREO; Kaiser et al., 2008) has permitted us to learn
much about the evolution of CMEs in the inner heliosphere. Observational
results revealed that variations in the ambient solar wind speed, e.g.by slow
and fast solar winds and various interactions, may appreciably change the CME
kinematics (including deflection) and deform the CME structure (see e.g., Rouil-
lard et al., 2010; Temmer et al., 2011; Lugaz et al., 2012; Liu et al., 2013).
Recent studies pointed out that magnetic erosion by reconnection processes at
the front of the magnetic structure of the CME may significantly reduce the
strength of geomagnetic storms (Ruffenach et al., 2012; Lavraud et al., 2014).
As such, the preconditioning of interplanetary space has immediate consequences
for predicting arrival times and impact speeds of CMEs.
Since the plasma and magnetic field conditions in interplanetary space are not
observationally well-known, research on the interaction of CMEs with their en-
vironment may be performed by combining the observational data with models.
In this study, we investigate the CME from 23 July 2012 in terms of its evolution
in the inner heliosphere. The three-dimensional (3D) kinematical profile of the
CME is derived up to a distance range of 30 R by applying the graduated cylin-
drical shell (GCS) model (Thernisien, Howard, and Vourlidas, 2006). Assuming
that the aerodynamic drag governs the evolution of the CME at farther distances
from the Sun, we use the drag-based model (DBM; Vrsˇnak et al. (2013), and
references therein) to reconstruct the CME propagation behavior. This yields
results that strongly indicate the low density environment in which the CME is
propagating in.
In Section 2 we give an overview of the observational data and describe the
methods that are used for the analysis. We give the results in Section 3 and
discuss them and draw our conclusions in Sections 4 and 5.
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2. Observational Data and Methods
On 23 July 2012 at around 02:08 UT a fast CME is launched from solar active
region NOAA 11520 located at W141◦, i.e.behind the limb from Earth-view.
Two filament eruptions may have driven two CMEs, which then interacted (see
Liu et al., 2014). However, we cannot clearly separate two individual CME
profiles in the coronagraph data. Therefore, for our study we simply refer to
the event as two-stage filament eruption resulting in a complex CME, consistent
with the overall CME profile from Liu et al. (2014). In this respect we note
that the derived longitude range of the CME is consistent with the erupting
filament located at the eastern edge of the active region. For the event time, the
two STEREO spacecraft, STEREO-A (Ahead) and STEREO-B (Behind), were
located, respectively, at the heliographic longitude of W121◦ and E115◦, and
heliocentric distance of 0.96 AU (≈206 R) and 1.02 AU (≈219 R). STEREO-
A views the CME as halo event, STEREO-B close to its eastern limb with the
plane-of-sky angle W155◦. We use the disk-integrated flux from the EUVI-A
195A˚ channel as proxy to estimate the soft X-ray emission (see Nitta et al.,
2013). According to this, the associated flare is a long duration event of at most
X2.5 GOES class.
The development of the CME up to a distance range of ≈30 R is observed
from combined EUV and white-light data from STEREO-A and -B as well as
the Solar Heliospheric Observatory (SoHO; Domingo, Fleck, and Poland, 1995).
Using contemporaneous imaging data from the coronagraphs aboard those space-
craft enables us to do a 3D reconstruction of the CME evolution by applying the
GCS model. The different viewpoints from at least two spacecraft (combination
of COR2-A on STEREO-A, COR2-B on STEREO-B, and LASCO/C2/C3 on
SoHO) are digested into the model and by forward fitting the model flux rope
to the observed white-light structure we obtain the 3D geometry (width and
cross section), propagation direction and deprojected kinematics of the CME.
We apply the same model for investigating the shock ahead of the flux rope
by putting the half-angle to zero and the ratio aspect close to one. This makes
the front part of the GCS model spherical in order to mimic the geometry of a
shock front (see Thernisien, 2011). Measurements coming from single spacecraft
data (EUVI-B, COR1-B) are deprojected onto the derived 3D results using a
multiplication factor. From the deprojected distance-time data we derive the
speed- and acceleration time profiles by using the regularization method origi-
nally developed by Kontar et al. (2004) to invert solar X-ray spectra measured
by the Reuven Ramaty High-Energy Solar Spectroscopic Imager (RHESSI; Lin
et al., 2002). The method was further developed and could be successfully applied
to CME kinematical data as described in Temmer et al. (2010).
By calibrating white-light images from COR2-B data in units of the mean
solar brightness and subtracting a pre-event image we calculate the excess bright-
ness due to the CME. The excess brightness is then converted to the excess
mass of the CME under the common assumptions that all of the CME mass
is concentrated on the plane-of-sky of the corresponding instrument, and that
the CME material consists of 90% H and 10% He. The brightness of all pixels
in the region covering the CME is then summed up and fed into the following
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shock
magnetic structure
Figure 1. GCS model results for the reconstructed magnetic structure (yellow mesh) and
shock (green mesh) using simultaneous image triplets of COR2-A, COR2-B, and LASCO-C2
at ≈03:08 UT.
relation m = Bobs/Be(Φ), where Bobs is the white-light pixel brightness and
Be(Φ) the single electron brightness at the angle Φ from the plane-of-sky (see
Billings, 1966; Vourlidas et al., 2000).
In-situ data are taken from the STEREO-A/IMPACT-MAG instrument which
measures the magnetic field direction and magnitude (Luhmann et al., 2008).
The high fluxes of solar energetic particles associated with this event are the
cause of a data gap for the solar wind plasma data by PLASTIC (Galvin et al.,
2008) and, hence, are reconstructed from the magnetic field data (5 min res-
olution). This introduces uncertainties of 1% for reconstructed speeds below
900 km s−1 and for the peak of the order of 200 km s−1 (A.B. Galvin, private
communication). For our study we extract the arrival time and the lower limit
of the impact speed of the CME shock and magnetic ejecta as given in Russell
et al. (2013).
For investigating the propagation behavior of the CME in interplanetary
space, and to relate the results from remote sensing and in-situ data, we use
the DBM (Vrsˇnak and Zˇic, 2007; Vrsˇnak et al., 2013). Applying the DBM we
assume that the CME propagation speed (vCME) at far distances from the Sun
is governed only by the conditions of the ambient solar wind flow (density, ρSW,
and speed, vSW) which can be expressed in terms of the magnetohydrodynamical
analogue of the aerodynamic drag (for more details see Cargill et al., 1996).
The acceleration due to the aerodynamic drag of the ambient solar wind is
given by aD = γ(vCME−vSW)|vCME−vSW| with γ=CD(ACMEρSW/mCME) where
ACME and mCME is the cross-section and the mass of the CME, respectively,
ρSW the ambient solar wind density and CD is the dimensionless drag coef-
ficient, typically of order unity (cf. Cargill, 2004). The statistically derived γ
values for magnetic ejecta have a range of 0.1–2×10−7 km−1 and vSW of 400–
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Figure 2. Same as Figure 1 but for the image triplet COR2-A, COR2-B, and LASCO-C3 at
∼03:39 UT.
500 km s−1 (Vrsˇnak et al., 2013). A recent statistical study shows that for
the shock structures of CMEs the analytical DBM yields similar results as the
numerical WSA-ENLIL+Cone model (see e.g., Odstrcˇil and Pizzo, 1999) when
using the parameter combination γ= 0.1×10−7 km−1 and vSW = 400 km s−1
(see Vrsˇnak et al., 2014). An online version of the DBM is available under
http://oh.geof.unizg.hr/DBM/dbm.php.
3. Results
Due to the close location of the source region of the CME (W141◦) and the
plane-of-sky viewing angle of STEREO-B (W155◦), it is reasonable to assume
that STEREO-B images are only marginally affected by projection effects. From
high-cadence EUVI-B 171A˚ data (1.25 min resolution) we are able to track the
onset of a loop formation at 2:02 UT that further develops into the COR1-
B field-of-view (FoV) revealing at 2:13 UT the first signature of the CME. The
CME can be tracked into the FoV of COR2-B and is also identified in STEREO-A
white-light as well as SoHO/LASCO data enabling us to derive its 3D kinematics.
The top panels of Figure 1 show coronagraph images from LASCO-C2, (left
panel), COR2-A (middle panel), and COR2-B (right panel). The density enve-
lope of the CME nicely reveals the shock-sheath and the magnetic structure (see
annotation in the top right panel of Figure 1). In order to compare the in-situ sig-
natures of the arriving shock and magnetic structure separately, we make for each
feature a separate GCS reconstruction. The forward fit shown in Figures 1 and 2
gives the best match with the white-light data as viewed from different vantage
points. From this we find that the CME propagates in longitude along W125–
135◦ and in latitude along N00–N10◦. The flux rope geometry of the magnetic
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Figure 3. 3D distance-time measurements for the shock (red) and magnetic structure (blue)
of the CME. The measurements for the CME were derived from different instruments
(STEREO-A (A), STEREO-B (B), LASCO (L)) and reconstruction methods as given in the
legend.
structure is characterized by its face-on and edge-on width for which we derive
130±5◦ and 60±5◦, respectively, and its tilt angle relative to the solar equator
with 60±5◦. To track the kinematical evolution beyond the FoV of COR2, we
assume self-similar expansion, i.e. keeping all model parameters constant with
exception of the distance, and fit the obtained CME geometries (shock, magnetic
structure) to LASCO-C3 image data (we refer to these measurements as quasi-
GCS). Measurements of the early evolution phase of the CME from EUVI-B
171A˚ and COR1-B images are deprojected by using a multiplication factor of
1.1 to match the 3D values. With this we derive deprojected distance-time data
from ≈1.25 R up to 30 R. We intentionally used some extreme scaling to track
the shock front of the CME, however, we note that a clear separation between
shock and magnetic structure is only observed in COR2 and LASCO data.
Figure 3 gives the deprojected distance-time values resulting from the GCS
model and individual measurements (quasi-GCS and data from a single space-
craft). Due to the uncertainty in the 3D reconstruction, especially for distances
far from the Sun, we put rather conservative error bars which is reflected in
the uncertainties derived for the speed- and acceleration-time profiles. Figure 4
shows the speed-time profile together with the EUV flux in the 195A˚ channel.
The CME shock front reaches around 03:00 UT (±5 min) a maximum speed
of 2580±280 km s−1 and the magnetic structure 2270±420 km s−1. Figure 5
shows the acceleration-time profile of the magnetic structure together with the
SOLA: temmer14_revised.tex; 25 November 2014; 1:35; p. 6
Interplanetary propagation behavior of the CME from 23 July 2012
Figure 4. 3D speed-time profile derived from the distance-time data for the CME shock (sh)
and magnetic structure (ms). The normalized EUVI-A 195A˚ flux is shown as black dashed
line.
Figure 5. 3D acceleration-time profile derived from the distance-time data for the magnetic
structure (ms) of the CME. The derivative of the EUVI-A 195A˚ flux (normalized) is shown as
black dashed line.
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Figure 6. Speed-time profile (top panel) and distance-time profile (bottom panel) for the
observed CME shock (dark grey) and magnetic structure (light grey), DBM shock (red), and
DBM magnetic structure (blue line). In the top panel the in-situ proton bulk speed (black
line) is given together with the uncertainties for the impact speeds. Results from the empirical
acceleration-velocity relation by Gopalswamy et al. (2001) are marked as black dashed-dotted
lines. The horizontal dashed lines in the bottom panel refer to the distance range that the
CME needs to propagate owing to different propagation directions W121–W136◦.
derivative of the EUV flux in the 195A˚ channel1. The maximum acceleration
yields 2.25±0.18 km s−2 with an acceleration duration of ≈30 min. Consistent
with case and statistical studies, the hard X-ray as well as the derivative of the
soft X-ray flux of the flare is closely related to the acceleration profile of the
associated CME (Temmer et al., 2008, 2010; Bein et al., 2012). This gives strong
evidence that the complex CME eruption is launched during the initial rising
phase of the EUV emission. The CME mass is calculated from COR2-B data at a
distance of about 14 R and is found to be in the range of 1.5±0.5×1016 g. The
CME mass refers to a lower limit since we neglect possible projection effects
(Vourlidas et al., 2000). From the CME mass and maximum speed we derive
the kinetic energy which is of the order of ≈5×1032 ergs. These values are at
the head of energy distributions found for CME observations over three decades
(Vourlidas et al., 2011) and demonstrate how exceptional the event under study
is.
Figures 6 and 7 show the results for the propagation behavior of the CME
shock and magnetic structure using the DBM. The horizontal dashed lines in the
1As the shock and magnetic structure can be clearly distinguished starting from COR2 FoV,
the shock acceleration profile is unreliable and not used for further analysis.
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Figure 7. Same as Figure 6 but giving a close-up view on the early evolution (left panels)
and the in-situ arrival (right panels).
bottom panel give the location of the STEREO-A spacecraft at W121◦ with a
distance of 206 R and the direction W136◦ with a CME propagation distance of
219 R, referring to that the apex of the CME is not directed towards STEREO-
A (see e.g., Mo¨stl and Davies, 2013). As comparison, we also show the result from
the empirical acceleration-velocity relation, a = 2.193 − (0.0054 × v), proposed
by Gopalswamy et al. (2001).
From observations we obtain that the CME shock reached at 23 July 2012
04:25 UT a distance of 27 R with a speed in the range of 1100–2900 km s−1
(cf.Figures 3 and 4) and arrives at STEREO-A with a distance of 206 R the
same day at 20:55 UT having an impact speed of 2250 km s−1 (cf. Russell et al.,
2013). The DBM input parameters are constrained by the remotely observed
parameters and the model output is controlled by the in-situ observations. The
model parameters which show the best match with the observations are summa-
rized in Table 1. From this it follows that the ambient solar wind flow speed in
which the fast shock is propagating is of average value with 450 km s−1 close to
the slow solar wind speed. The initial shock speed is required to be close to the
impact speed (almost no deceleration) since for higher initial shock speeds, larger
than ≈2300 km s−1, the model could not reproduce the observed arrival time
and would arrive much too early. We need to apply a low CD value of the order
of 0.5–0.8 which refers to a very heavy and fast CME as also found from MHD
simulations by Cargill (2004). A remarkable result is obtained for the γ value
with 0.01×10−7 km−1 it is lower by one order of magnitude compared to the
statistical results given in Vrsˇnak et al. (2014). We conclude for the shock, the
weak deceleration is owing to the extremely low γ value, which we will examine
in more detail below. We would like to add, the empirical acceleration-velocity
relation by Gopalswamy et al. (2001) would give a correct arrival time using
as input speed 2500 km s−1 but would have largely underestimated the impact
speed.
We assume that the magnetic structure, as tracked in our study, coincides
with the magnetic cloud which reached STEREO-A at 22:55 UT having an
impact speed of 1870 km s−1 (cf. Russell et al., 2013). We constrain the model
input parameters by observations from remote sensing data which give for the
magnetic structure a distance of 23 R at 04:25 UT and a speed in the range of
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Table 1. DBM and observational parameters for the shock of the CME. The parameters
time (t), distance (d), and speed (v) as derived from observations constrain the DBM. Further
DBM parameters are the ambient solar wind speed (vSW), the drag parameter (γ) as well
as the dimensionless drag coefficient (CD). The given parameters show the best match found
between model and observations. DBMout1 refers to a best match between model and in-situ
observations for the parameters distance and speed, DBMout2 for time and speed.
t [UT] d [Rs] v [km s−1] vSW [km s−1] γ [10−7 km−1] CD
Remote obs 04:25 27 1100–2900 — — —
DBMinput 04:25 27 2300 450 0.01 0.5–0.8
In-situ obs 20:55 206 2250 — — —
DBMout1 19:45 206 2210 — — —
DBMout2 20:50 217 2200 — — —
Table 2. The same as Table 1 but for the magnetic structure of the CME.
t [UT] d [Rs] v [km s−1] vSW [km s−1] γ [10−7 km−1] CD
Remote obs 04:25 23 750–2350 — — —
DBMinput 04:25 23 2000 vDBM(shock) 0.15 1
In-situ obs 22:55 0.96 1870 — — —
DBMout1 22:30 206 1910 — — —
DBMout2 22:55 211 1910 — — —
750–2350 km s−1 (cf.Figures 3 and 4). As the magnetic structure propagates in
the wake of the fast shock we use the resulting DBM speed-time profile from the
CME shock as input for the ambient solar wind speed. This further constrains
the model input values. We obtain the best match by using the DBM parameters
as given in Table 2. The initial speed of the magnetic structure is required to be
close to the observed in-situ impact speed (≈2000 km s−1). Similar as derived
for the CME shock, the deceleration of the magnetic structure is very small but
required in order to match the correct arrival time as measured in-situ. CD is of
the typical value of unity and γ reveals to be of 0.15×10−7 km−1, a reasonable
value for massive CMEs. We conclude that for the magnetic structure, the weak
deceleration is produced by the high ambient solar wind speed that actually
resembles the CME shock speed.
The question remains, is the extremely low γ value as applied for the CME
shock physically meaningful? We examine γ for the CME shock and the magnetic
structure by calculating it directly from the individual variables. We use the
observed CME mass, the resulting CME geometry from the GCS model to obtain
the cross-section, and the empirical relation by Leblanc, Dulk, and Bougeret
(1998) to derive the ambient solar wind density. For the CME shock the cross
section (Ash) is defined as the plane area of a spherical cap with the stand-off
distance between the shock and the magnetic structure as height of the cap.
The stand-off distance s is assumed to be linearly related with the propagated
distance d. From observations we derive s ≈ 4 R at d ≈ 30 R (cf.Figure 3) and
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Figure 8. Calculated γ values for the CME shock (red area) and magnetic structure (grey
area) versus different values for ρsw. The dashed lines mark the γ values as applied for the
DBM. The given range for γ covers uncertainties in the derived CME mass, cross-section area,
and CD. Minimum values for γ are obtained applying the upper limit in CME mass, the lower
limit in CME size, and the lower limit for the CD.
we make a linear extrapolation for the distance range up to 1 AU. Using simple
geometrical relations we find Ash = (2ds − s2)pi. For the magnetic structure
the cross-section (Ams) is an ellipse with the semi-minor and semi-major axes
defined by the obtained GCS edge-on and face-on width (weo, wfo), expanding
in a self-similar manner up to 1 AU. The area of this ellipse can be calculated
with Ams = tan(
weowfo
2 )d
2pi. For the dimensionless parameter CD we use the
model results which are 0.5–0.8 for the shock and 1 for the magnetic structure.
In Figure 8 we plot the derived γ values, including the derived uncertainties for
all the variables, against the solar wind proton density values normalized for the
distance at 1 AU. From this we derive that a density of ρsw = 1–2 cm
−3 indeed
yields for the shock γ as low as 0.01×10−7 km−1. For the magnetic structure
ρsw = 1–3 cm
−3 is required to derive γ in the range of 0.15×10−7 km−1.
4. Discussion
Using the DBM, we investigate the evolution and propagation from the Sun up
to STEREO-A for the fast CME which occurred on 23 July 2012. We apply the
GCS model assuming a spherical geometry for the shock as well as an idealized
flux rope for the magnetic structure and study their 3D kinematics. From this we
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obtain for the maximum speed of the CME shock 2580±280 km s−1 and for its
magnetic structure 2270±420 km s−1. We note that these values are lower than
those derived by Liu et al. (2014) with ≈3050±200 km s−1. Liu et al. (2014) use
a triangulation technique of time-elongation maps which are extracted from the
ecliptic plane. Our study is based on GCS modeling which reproduces the entire
density envelope of the CME along its propagation direction, hence, the results
are not restricted to structures propagating along the ecliptic. We note that
deviations from self-similar expansion and the idealized geometry assumption
might be the caveat for the GCS results.
From the kinematics we derive the acceleration phase of the CME. Consid-
ering for the major acceleration peak of the CME an acceleration duration of
≈30 min, we estimate from different power-law relations2 maximum acceleration
values in the range of 0.2–1.0 km s−2 (Zhang and Dere, 2006; Vrsˇnak et al., 2007;
Bein et al., 2011). However, the derived acceleration value from observations
is much higher (2.2±0.1 km s−2), showing the exceptional characteristics of
this event. From this we may speculate that most probably it is the underlying
magnetic reconnection process itself that is able to efficiently drive the CME to
such high speeds at far distance from the Sun. Related to this we note that in
general CMEs that reach high peak accelerations start at lower coronal heights
(Bein et al., 2011) and suggest that the low starting height of the CME might
contribute to the strong magnetic field as measured in-situ.
Assuming that the further CME evolution is solely governed by the drag
force owing to the ambient solar wind (speed and density), we use the DBM
to simulate the short travel time from Sun to STEREO-A as well as the high
impact speed. The CME shock propagation is successfully reproduced by using
reasonable model input values supported by the observational results. We derive
that the CME hardly decelerates in interplanetary space and find that it is not
necessarily ultra-fast. The model required CME speed input values should not
exceed 2300 km s−1 in order to reproduce the observed arrival time at STEREO-
A. The ambient solar wind speed is found to be of average value close to the
slow solar wind speed and might not play the key role for producing the short
propagation time. The extreme low drag exerted on the CME is due to the
applied γ value which has to be one order of magnitude lower than statistically
derived for DBM shocks (Vrsˇnak et al., 2014). The very high mass of the CME
under study is one key requirement for a low γ value and the low drag (see also
Vrsˇnak et al., 2010). But most important, the ambient solar wind density should
not exceed 1–2 cm−3 in order to derive the γ value as low as required for our
study. With this we support the interpretation by Liu et al. (2014) who pointed
out the importance of the preconditioning of interplanetary space as consequence
of the prior CME from July 19, 2012. As shown in Liu et al. (2014) the trailing
part of the prior CME has a density as low as 1 cm−3. We further conclude
that a largely radial orientation of the interplanetary magnetic field, due to its
stretching, may reduce the pile-up of solar wind and delay its replenishment.
This may preserve the preferable conditions for a fast propagation of the CME
2According to statistics, the CME acceleration duration and peak value of acceleration are
closely related parameters which are inversely proportional.
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launched 3.5 days later. In this respect we note that owing to the low solar
activity of cycle 24, the solar wind density is generally low. For the propagation
behavior of the CME magnetic structure we find that the weak drag exerted on
the magnetic structure is due to the high ambient solar wind speed resembling
its propagation in the wake of the fast shock.
5. Conclusion
We identify the following key characteristics in the 23 July 2012 CME:
• high CME launch speed due to high flare energy release of long duration
• very high CME mass due to high amount of filament plasma
• extremely low ambient solar wind density due to previous CME and weak
solar cycle
In conclusion, the extreme character of the 23 July 2012 eruption is first of all
marked by the long duration flare energy release. Due to an efficient magnetic
reconnection process the CME might reach a very high speed that is sustained
by the prolonged energy release. The underlying mechanism which is able to
build up the energy in the source region as well its conversion into such high
kinetic energy is beyond the limit of information from observational data. We
encourage modelers to provide further insight into the physics of source regions
and reconnection processes related to such extreme events. The very high mass
of the CME, related to the filament eruption, as well as the preconditioning of
interplanetary space, in terms of reduced solar wind density, may have been the
decisive factors for low deceleration leading to the short transit time and high
in-situ impact speed.
Acknowledgements M.T. acknowledges the Austrian Science Fund (FWF): P20145-N16.
N.V.N’s work has been supported by NSF grant AGS-1259549, NASA AIA contract NNG04EA00C,
and the NASA STEREO mission under NRL Contract No. N00173-02-C-2035. We appreciate
the provision of PLASTIC data supported by NASA Grant NNX13AP52G. We thank Y.D. Liu
for valuable comments on the manuscript and J.G. Luhmann, as well as Y. Li, and B.J. Lynch
for helpful discussions.
References
Baker, D.N., Li, X., Pulkkinen, A., Ngwira, C.M., Mays, M.L., Galvin, A.B., Simunac, K.D.C.:
2013, A major solar eruptive event in July 2012: Defining extreme space weather scenarios.
Space Weather 11, 585. DOI. ADS.
Bein, B.M., Berkebile-Stoiser, S., Veronig, A.M., Temmer, M., Muhr, N., Kienreich, I., Utz, D.,
Vrsˇnak, B.: 2011, Impulsive acceleration of coronal mass ejections. I. Statistics and coronal
mass ejection source region characteristics. Astrophys. J. 738, 191. DOI. ADS.
Bein, B.M., Berkebile-Stoiser, S., Veronig, A.M., Temmer, M., Vrsˇnak, B.: 2012, Impulsive ac-
celeration of coronal mass ejections. II. Relation to soft X-ray flares and filament eruptions.
Astrophys. J. 755, 44. DOI. ADS.
Billings, D.E.: 1966, A Guide to the Solar Corona. Academic Press (New York), p.150. ADS.
Cargill, P.J.: 2004, On the Aerodynamic Drag Force Acting on Interplanetary Coronal Mass
Ejections. Solar Phys. 221, 135. DOI. ADS.
SOLA: temmer14_revised.tex; 25 November 2014; 1:35; p. 13
M. Temmer and N.V. Nitta
Cargill, P.J., Chen, J., Spicer, D.S., Zalesak, S.T.: 1996, Magnetohydrodynamic simulations of
the motion of magnetic flux tubes through a magnetized plasma. J. Geophys. Res. 101,
4855. DOI. ADS.
Domingo, V., Fleck, B., Poland, A.I.: 1995, SOHO: The Solar and Heliospheric Observatory.
Space Sci. Rev. 72, 81. DOI. ADS.
Galvin, A.B., Kistler, L.M., Popecki, M.A., Farrugia, C.J., Simunac, K.D.C., Ellis, L., Mo¨bius,
E., Lee, M.A., Boehm, M., Carroll, J., Crawshaw, A., Conti, M., Demaine, P., Ellis, S.,
Gaidos, J.A., Googins, J., Granoff, M., Gustafson, A., Heirtzler, D., King, B., Knauss, U.,
Levasseur, J., Longworth, S., Singer, K., Turco, S., Vachon, P., Vosbury, M., Widholm, M.,
Blush, L.M., Karrer, R., Bochsler, P., Daoudi, H., Etter, A., Fischer, J., Jost, J., Opitz, A.,
Sigrist, M., Wurz, P., Klecker, B., Ertl, M., Seidenschwang, E., Wimmer-Schweingruber,
R.F., Koeten, M., Thompson, B., Steinfeld, D.: 2008, The Plasma and Suprathermal Ion
Composition (PLASTIC) investigation on the STEREO observatories. Space Sci. Rev.
136, 437. DOI. ADS.
Gopalswamy, N.: 2008, Solar connections of geoeffective magnetic structures. J. Atmos. Solar-
Terr. Phys. 70, 2078. DOI. ADS.
Gopalswamy, N., Lara, A., Yashiro, S., Kaiser, M.L., Howard, R.A.: 2001, Predicting the 1-AU
arrival times of coronal mass ejections. J. Geophys. Res. 106, 29207. DOI. ADS.
Kaiser, M.L., Kucera, T.A., Davila, J.M., St. Cyr, O.C., Guhathakurta, M., Christian, E.:
2008, The STEREO mission: An introduction. Space Sci. Rev. 136, 5. DOI. ADS.
Kontar, E.P., Piana, M., Massone, A.M., Emslie, A.G., Brown, J.C.: 2004, Generalized regular-
ization techniques with constraints for the analysis of solar bremsstrahlung X-ray spectra.
Solar Phys. 225, 293. DOI. ADS.
Lavraud, B., Ruffenach, A., Rouillard, A.P., Kajdic, P., Manchester, W.B., Lugaz, N.:
2014, Geo-effectiveness and radial dependence of magnetic cloud erosion by magnetic
reconnection. J. Geophys. Res. (Space Phys.) 119, 26. DOI. ADS.
Leblanc, Y., Dulk, G.A., Bougeret, J.-L.: 1998, Tracing the Electron Density from the Corona
to 1au. Solar Phys. 183, 165. DOI. ADS.
Leblanc, Y., Dulk, G.A., Bougeret, J.-L.: 1998, Tracing the electron density from the corona
to 1AU. Solar Phys. 183, 165. DOI. ADS.
Lin, R.P., Dennis, B.R., Hurford, G.J., Smith, D.M., Zehnder, A., Harvey, P.R., et, al.: 2002,
The Reuven Ramaty High-Energy Solar Spectroscopic Imager (RHESSI). Solar Phys. 210,
3. DOI. ADS.
Liu, Y.D., Luhmann, J.G., Lugaz, N., Mo¨stl, C., Davies, J.A., Bale, S.D., Lin, R.P.: 2013, On
Sun-to-Earth propagation of coronal mass ejections. Astrophys. J. 769, 45. DOI. ADS.
Liu, Y.D., Luhmann, J.G., Kajdicˇ, P., Kilpua, E.K.J., Lugaz, N., Nitta, N.V., Mo¨stl, C.,
Lavraud, B., Bale, S.D., Farrugia, C.J., Galvin, A.B.: 2014, Observations of an extreme
storm in interplanetary space caused by successive coronal mass ejections. Nature Commun.
5, 3481. DOI. ADS.
Lugaz, N., Farrugia, C.J., Davies, J.A., Mo¨stl, C., Davis, C.J., Roussev, I.I., Temmer, M.:
2012, The deflection of the two interacting coronal mass ejections of 2010 May 23-24 as
revealed by combined in-situ measurements and heliospheric imaging. Astrophys. J. 759,
68. DOI. ADS.
Luhmann, J.G., Curtis, D.W., Schroeder, P., McCauley, J., Lin, R.P., Larson, D.E., Bale,
S.D., Sauvaud, J.-A., Aoustin, C., Mewaldt, R.A., Cummings, A.C., Stone, E.C., Davis,
A.J., Cook, W.R., Kecman, B., Wiedenbeck, M.E., von Rosenvinge, T., Acuna, M.H.,
Reichenthal, L.S., Shuman, S., Wortman, K.A., Reames, D.V., Mueller-Mellin, R., Kunow,
H., Mason, G.M., Walpole, P., Korth, A., Sanderson, T.R., Russell, C.T., Gosling, J.T.:
2008, STEREO IMPACT investigation goals, measurements, and data products overview.
Space Sci. Rev. 136, 117. DOI. ADS.
Mo¨stl, C., Davies, J.A.: 2013, Speeds and arrival times of solar transients approximated by
self-similar expanding circular fronts. Solar Phys. 285, 411. DOI. ADS.
Ngwira, C.M., Pulkkinen, A., Leila Mays, M., Kuznetsova, M.M., Galvin, A.B., Simunac, K.,
Baker, D.N., Li, X., Zheng, Y., Glocer, A.: 2013, Simulation of the 23 July 2012 extreme
space weather event: What if this extremely rare CME was Earth directed? Space Weather
11, 671. DOI. ADS.
Nitta, N.V., Aschwanden, M.J., Boerner, P.F., Freeland, S.L., Lemen, J.R., Wuelser, J.-P.:
2013, Soft X-ray fluxes of major flares far behind the limb as estimated using STEREO
EUV images. Solar Phys. 288, 241. DOI. ADS.
SOLA: temmer14_revised.tex; 25 November 2014; 1:35; p. 14
Interplanetary propagation behavior of the CME from 23 July 2012
Odstrcˇil, D., Pizzo, V.J.: 1999, Three-dimensional propagation of CMEs in a structured solar
wind flow: 1. CME launched within the streamer belt. J. Geophys. Res. 104, 483. DOI.
ADS.
Rouillard, A.P., Lavraud, B., Sheeley, N.R., Davies, J.A., Burlaga, L.F., Savani, N.P., Jacquey,
C., Forsyth, R.J.: 2010, White light and in situ comparison of a forming merged interaction
region. Astrophys. J. 719, 1385. DOI. ADS.
Ruffenach, A., Lavraud, B., Owens, M.J., Sauvaud, J.-A., Savani, N.P., Rouillard, A.P.,
De´moulin, P., Foullon, C., Opitz, A., Fedorov, A., Jacquey, C.J., Ge´not, V., Louarn, P.,
Luhmann, J.G., Russell, C.T., Farrugia, C.J., Galvin, A.B.: 2012, Multispacecraft observa-
tion of magnetic cloud erosion by magnetic reconnection during propagation. J. Geophys.
Res. (Space Physics) 117, A09101. DOI. ADS.
Russell, C.T., Mewaldt, R.A., Luhmann, J.G., Mason, G.M., von Rosenvinge, T.T., Cohen,
C.M.S., Leske, R.A., Gomez-Herrero, R., Klassen, A., Galvin, A.B., Simunac, K.D.C.:
2013, The very unusual interplanetary coronal mass ejection of 2012 July 23: A blast wave
mediated by solar energetic particles. Astrophys. J. 770, 38. DOI. ADS.
Temmer, M., Veronig, A.M., Vrsˇnak, B., Ryba´k, J., Go¨mo¨ry, P., Stoiser, S., Maricˇic´, D.: 2008,
Acceleration in fast halo CMEs and synchronized flare HXR bursts. Astrophys. J. Lett.
673, L95. DOI. ADS.
Temmer, M., Veronig, A.M., Kontar, E.P., Krucker, S., Vrsˇnak, B.: 2010, Combined
STEREO/RHESSI study of coronal mass ejection acceleration and particle acceleration
in solar flares. Astrophys. J. 712, 1410. DOI. ADS.
Temmer, M., Rollett, T., Mo¨stl, C., Veronig, A.M., Vrsˇnak, B., Odstrcˇil, D.: 2011, Influence
of the ambient solar wind flow on the propagation behavior of interplanetary coronal mass
ejections. Astrophys. J. 743, 101. DOI. ADS.
Thernisien, A.: 2011, Implementation of the graduated cylindrical shell model for the three-
dimensional reconstruction of coronal mass ejections. Astrophys. J. Suppl. 194, 33. DOI.
ADS.
Thernisien, A.F.R., Howard, R.A., Vourlidas, A.: 2006, Modeling of flux rope coronal mass
ejections. Astrophys. J. 652, 763. DOI. ADS.
Vourlidas, A., Subramanian, P., Dere, K.P., Howard, R.A.: 2000, Large-Angle Spectrometric
Coronagraph measurements of the energetics of coronal mass ejections. Astrophys. J. 534,
456. DOI. ADS.
Vourlidas, A., Howard, R.A., Esfandiari, E., Patsourakos, S., Yashiro, S., Michalek, G.: 2011,
Erratum: ”Comprehensive analysis of coronal mass ejection mass and energy properties
over a full solar cycle”. Astrophys. J. 730, 59. DOI. ADS.
Vrsˇnak, B., Zˇic, T.: 2007, Transit times of interplanetary coronal mass ejections and the solar
wind speed. Astron. Astrophys. 472, 937. DOI. ADS.
Vrsˇnak, B., Maricˇic´, D., Stanger, A.L., Veronig, A.M., Temmer, M., Rosˇa, D.: 2007, Acceler-
ation phase of coronal mass ejections: I. Temporal and spatial scales. Solar Phys. 241, 85.
DOI. ADS.
Vrsˇnak, B., Zˇic, T., Falkenberg, T.V., Mo¨stl, C., Vennerstrom, S., Vrbanec, D.: 2010, The
role of aerodynamic drag in propagation of interplanetary coronal mass ejections. Astron.
Astrophys. 512, A43. DOI. ADS.
Vrsˇnak, B., Zˇic, T., Vrbanec, D., Temmer, M., Rollett, T., Mo¨stl, C., Veronig, A., Cˇalogovic´,
J., Dumbovic´, M., Lulic´, S., Moon, Y.-J., Shanmugaraju, A.: 2013, Propagation of in-
terplanetary coronal mass ejections: The drag-based model. Solar Phys. 285, 295. DOI.
ADS.
Vrsˇnak, B., Temmer, M., Zˇic, T., Taktakishvili, A., Dumbovic´, M., Mo¨stl, C., Veronig, A.M.,
Mays, M.L., Odstrcˇil, D.: 2014, Heliospheric propagation of coronal mass ejections: Compar-
ison of numerical WSA-ENLIL+Cone model and analytical drag-based model. Astrophys.
J. Suppl. 213, 21. DOI. ADS.
Zhang, J., Dere, K.P.: 2006, A statistical study of main and residual accelerations of coronal
mass ejections. Astrophys. J. 649, 1100. DOI. ADS.
SOLA: temmer14_revised.tex; 25 November 2014; 1:35; p. 15
